Mercury is well known for its toxicity and wide distribution in the global environment. During recent decades, considerable progress in analytical methodology has been made for the speciation analysis of trace levels of mercuric species from different sample matrixes, such as aquatic, atmospheric and soil. The most widely used approaches are chromatographic methods coupled with various selective spectrometric detectors. 1, 2 Although these methods are sensitive and accurate, most of them require a tedious sample pretreatment, sophisticated performance and expensive equipment, neither one of which can be used for field screening.
difficult to detect inhibition if the analytes and enzyme substrate are introduced to the enzyme reactors simultaneously.
The dry reagent test strip method is one of the one-step analytical methods that has been widely used in clinical analysis. [24] [25] [26] It usually consists of a small plastic bar with matrices, or reaction zones, fastened to the support; the reagents and buffers needed for the reaction are incubated on the strip. When moistening the strip with liquid samples to be investigated, the analytical reaction takes place. The measurement can be done visually using a color chart to obtain a qualitative or semi-quantitative assay value, or using a small instrument especially designed for this purpose that measures some optical property (absorbance, reflection, etc.) 27 or electrochemical property. 28 This method has been developed for the determination of TNT, 29 calcium, 27 etc. in environmental analysis. However, to the best of our knowledge, a dry reagent test strip based on the enzyme inhibition method for the determination of mercury(II) has not been reported.
The aim of this study was to develop a simple test strip for the direct detection of mercury in aqueous samples. The determination is based on the inhibition of mercury to urease, which catalyzes the hydrolysis of urea as follows:
(H2N)2CO + H2O 2NH4 + + HCO3 -+ OH -The pH change due to the reaction is directly related to the activity of urease. We immobilized urease on a cellulose acetate (CA) membrane and then, sealed the CA and indicator paper in a special designed test zone on the strip. The pH change because of the enzyme reaction could be clearly observed by the color change of the indicator paper. In this study, the time taken for the indicator's color change had a direct ratio on the concentration of mercury. The detecting can be achieved simply by dipping the strip into the aqueous samples and reading the time taken for the color change. This test strip has been proved to be more sensitive for mercury(II). Under the experimental conditions, as low as 0.2 ng/ml mercury can be observed with a detection range from 0.2 to 200 ng/ml in water. This test strip can be used for the field analysis of mercury.
Experimental

Materials and equipment
Urease (E.C.3.5.1.5; activity, 49100 units per gram solid) type-III from Jack Beans and D-trehalose was purchased from Sigma Chemical Co. DEAE-Dextran was purchased from Pharmacia. Special indicator paper (pH 6.4 -8.0) was purchased from Merck (Darmstadt, Germany). Cellulose acetate membrane was purchased from Sijia biochemical plaster factory, Zhejiang, China. A standard solution of mercury(II) chloride (Merck-Schuchardt) was diluted in doubly distilled water with 5% nitric acid; methyl-, ethyl-and phenylmercury chloride (Merck-Schuchardt) standard solutions were prepared by dissolving in 10 ml benzene and diluting with cyclohexane to 25 ml, respectively. All of the chemicals used in this work were of analytical-reagent grade, and deionized water was used throughout.
A stopwatch was used to measure the time taken. The determinations were carried out at a controlled temperature with a water bath.
Strip design
To prepare the test strip, teryleve transparency film (LEHAI, China) was cut into little sheets (4 × 1.5 cm), and each sheet had an aperture of 6 mm in diameter (Fig. 1) . Then, a piece of transparency adhesive plaster (1.5 × 1.5 cm) was attached to the aperture, and at the center of the aperture a puncture of 1.5 mm in diameter was made. The special indicator paper was dipped into a 25% urea solution with 10% D-trehalose and a saturated indicator inside; after 100 s, the paper was taken out and dried under infrared light; the indicator paper was then punctured into wafers with a diameter of 6 mm.
The immobilization of urease was performed on a clean bench. After a piece of cellulose acetate (CA) membrane (6 mm in diameter) was attached to the aperture, 1.5 µl urease was dropped onto the exposed side of the CA membrane and airdried for 15 min.
For strip fabrication, the CA membrane was first covered with the indicator wafer. Then, a piece of transparency adhesive plaster (1.5 × 1.5 cm) was attached to the polyester sheet to seal the indicator wafer and the CA membrane in it. The test strip was stored in a desiccator at 4˚C.
Principle of the determination
Because the sensing zone had only a puncture of 1.5 mm in diameter for exposing to the outside, when the test strip was introduced into the aqueous samples, the center of the CA membrane was saturated first. Then, the aqueous samples diffused to the edge of the CA membrane through its capillary. During this process, the mercury present could bind to the sulfhydryl groups of the urease, and inhibited its catalytic activity. Also, through the capillary of the indicator paper, the sample that reached the sensing zone saturated the paper from the edge to the center, and made the urea release from it at the same time. The release rate of the urea was controlled by the amount of D-trehalose on the indicator paper. This provided the proper time for the mercury to bind to the urease. Under the catalyze of urease, the released urea was hydrolyzed rapidly and the OH -produced in the reaction could diffuse through the capillary of the CA membrane to the edge of the test zone, and then, pass through the capillary of the indicator paper. Because the OH -diffused from the edge to the center, a blue ring and a yellow point were clearly observed. With the reaction process, the blue ring expended to the center, and the yellow point gradually shrank. The time taken for the yellow point to completely disappear depended on the formation rate of OH -, which was inversely proportional to the inhibition rate of urease, which was caused by mercury.
Measurement
The determination was carried out at a controlled temperature with a water bath. After a 400 µl phosphate buffer (0.2 M) was introduced into 20 ml of deionized water or aqueous samples, a 200 µl sodium chloride solution (0.2 M) was applied, because it was reported that the addition of chloride increases the sensitivity to mercury(II) and the selectivity slightly over copper and silver. 13 The test strip was directly dipped into the buffers or aqueous samples, and the time counting was started immediately with a stopwatch and stopped when the yellow point on the indicator wafer visually disappeared entirely.
Moreover, the mercury concentration could also be semiquantified as follows: first, 400 µl of a phosphate buffer (0.2 M) and 200 µl of a sodium chloride solution (0.2 M) was added into the aqueous samples. Then, the test strip was directly dipped into the samples. After 10-min of exposure, the strip was removed and the concentration of mercury was assessed by comparing the size of the yellow spot with a standard scale.
Results and Discussion
Preparation of the test strips
Because the indicator reagent was water-soluble, some precipitating reagent should be added, or the blue ring on the indicator wafer was likely to form irregularly.
In our experiment, DEAE-Dextran with a concentration of 2% or, Dtrehalose with a concentration of 10% was the proper concentration needed. If the concentration was higher than these values, much time was needed for the color of the sensing zone to change entirely; if the concentration was lower than these values, the color could not change regularly. The amount of urease adsorbed on the CA membrane was also an important factor that affected the time taken for the color change and the feasibility of visible measurement. In this experiment, a 1.5 µl urease solution was used, which could just diffuse entirely over the area of the CA membrane. The proper concentration of the urease solution depended on the precipitating reagent used; for DEAE-Dextran, 0.12 u/ml urease was the lowest concentration for the color change to be clear enough to have a visible measurement; for D-trehalose, 0.025 u/ml of urease was the lowest. As Örgan has suggested, 13 in the enzyme inhibition determination, a higher detection sensitivity could be achieved when a lower amount of enzyme was used; therefore, 0.025 u/ml urease and 10% D-trehalose was used in this experiment.
Another parameters related to the preparation of the sensing systems was the pH of the enzyme solution, because it can affect the charge distributing on the surface of the enzyme protein, which is related to the space structure of enzyme proteins when it is adsorbed on the CA membrane. The pH dependence of enzyme immobilization in 2 ng/ml or 200 ng/ml mercury is shown in Fig. 2 . The higher response for mercury was obtained at pH = 7.6. For pH = 7.8, the color change of the sensing zone was irregularly.
To obtain the maximum sensitivity, we used a phosphate buffer solution of pH 7.6 to dilute the urease throughout this work.
In order to obtain good reproducibility among different test strips, the preparation of the test strips must be keep under same conditions. For example, the strip must be fabricated on a clean bench, and the time for the air dry of immobilized urease must be for exactly the same period. To evaluate the reproducibility of this method, three batches of test strips were studied, from each batch, seven test strips were selected and their response to 2 ng/ml Hg 2+ were detected. As shown in Table 1 , the reproducibility was satisfactory.
Study of determination variables
The influence of the sample's pH on the determination basically has two forms: one is that the pH could affect the color change of the indicator paper; the other is that the pH could affect the activity of the urease. In our experiment, when the sample's pH value was lower than 11, the time taken for the color change of the strip without urease was longer than 40 min. Thus, the effect of sample's pH on the color change of the indicator paper in the determination could be ignored. The influence of the sample's pH on detection was mainly based on its effect on the activity of urease. In order to obtain the proper pH, the test strips were put into a series of mercury solutions from 0 ng/ml to 20 ng/ml at different pH values. The time taken of the color change was then measured. The results are shown in Fig. 3 . In this experiment, the results show that the time taken was shorter for pH values of 6.5, 6.8 and 7.2 than that of 6.2 and 7.6 in the blank solution. This means that the urease can reach higher activity at pH values of 6.5, 6.8 and 7.2; the result is in agreement with a previous report. 31 It also shows that the method can achieve a higher sensitivity at pH values from 6.5 to 7.2 for the determination of mercury. This is expected because the inhibition of urease by heavy-metal ions results from reactions with sulfhydryl groups of the active site of the enzyme. 15 If the condition is suitable for urea to reach the active site of urease, it also means that the accessibility of the inhibiting ions to the essential -SH groups of the enzyme active site is increasing. Because it can obtain a lower time taken for a blank solution, and a good linearity is possible, also, for a higher slope from 0 ng/ml to 20 ng/ml, phosphate buffer with pH 7.2 was used for the determination in our experiment.
The influence of the temperature of the samples on the sensitivity and the experimental time of the determination were studied at 20˚C, 25˚C, 30˚C and 35˚C. The experimental results (Table 2) show that both the time taken and the sensitivity decreased from lower temperature to higher temperature. At 25˚C and 30˚C, the time taken and the sensitivity of the 1217 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 determination did not change very much. Still, because the determination at 25˚C had relatively better linearity, a water bath with a temperature of 25˚C was used in this work.
Calibration and detection limit
A standard curve for the test strips for mercury is shown in Fig. 4 . The determination was carried out under the optimized conditions (pH = 7.2, 25˚C). According to the time taken of the strips' color to change, a quantitative determination of mercury(II) in phosphate buffers was achieved over the range of 0.2 -200 ng/ml. The detection limit (3δ) was 0.2 ng/ml.
The dependence between the test strips' visible color change and the concentration of mercury(II) in water is shown in Fig. 5 .
Responses of the test strip for organomercuries
As shown in Table 3 , although methyl-and ethyl-mercury have similar responses as mercury(II), phenyl-mercury shows little interference to mercury(II). Although organo-mercury compounds behaved in a similar way to inorganic mercury to urease, 13 because phenyl-mercury has higher spatial resistance, it is difficult to bind to the sulfhydryl groups of the urease. Its inhibition to urease is therefore low.
Selectivity
It has been reported that metals such as Ag(I), Cu(II), Cd(II), Ni(II), Zn(II), and Pb(II) 14, 15 can interfere with the determination of mercury(II) by a urease inhibition method. In this work, the interference of Ag(I) was not studied, because it can be deposited by Cl -in solution. A study on the interfering effects of other metals to mercury(II) was carried out with the presence of mercury(II) at a concentration of 2 ng/ml. The results are given in Table 3 . The minimum concentration of the metal which caused a change in the time taken higher than 10% was considered to interfere with the determination of 2 ng/ml mercury(II). The interfering effect was observed for Cu(II) at a concentration of 100 ng/ml, and is coincident with previous literature. 15 Other metal ions in this study did not show any obvious interference with the determination of mercury(II).
Application of test strips
To evaluate the applicability of the test strips for the determination of mercury(II), three different types of water (deionized water, drinking water, and natural water from Guanting reservoir) were selected for the experiment. Mercury(II) or organo-mercury was not detected by atomicfluorescence spectrometry with a detection limit of 8 pg/ml. 30 The mercury(II) added to 20 ml of those water samples was detected by the test strips. Based on the results shown in Fig. 6 , no significant matrix effects could be detected. This method can be applied to the determination of mercury(II) in real-world aqueous samples.
Storage of test strips
The test strips must be stored in desiccators. The color of the indicator wafer in the test zone turns to blue when the strip is exposed under wet conditions for a long time, because the urea can separate out and be hydrolyzed along with the catalysis of urease when the test zone has absorbed enough H2O. At 25˚C, the test strip could only be stored for 24 h with the change of time taken to be lower than 10%; but at 4˚C, it could be stored for 4 months without any obvious effect on the determination.
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Conclusion
A simple dip-and-read test strip method for the determination of mercury(II) in aqueous samples has been developed. This test strip has two important characteristics. First, the concentration of mercury can be detected by the time taken for the strip's color to change. This means that without any sophisticated equipment, but by just watching, the determination of mercury(II) can be achieved. Secondly, all of the reagents needed for the reaction were sealed in the sensing zone. Thus, the determination of mercury can be made only after adjusting the pH and adding NaCl. Thus, the operation is very simple.
